Background: While anterior glenohumeral instability has been shown to be common in young athletes, the risk factors for injury are poorly understood.
While anterior glenohumeral instability has been shown to be common in young athletes, the risk factors for injury are poorly understood. The majority of research on shoulder instability relates to the surgical repair techniques or the natural history after injury, with little work on the risk factors for initial injury or prevention.
Traumatic anterior instability comprises both subluxation events and dislocations and accounts for 80% of instability experienced by young athletes. 12 Recent work has shown that the greatest risk factor for traumatic anterior instability is prior injury, underscoring the importance of primary prevention in young athletes. 2 Nonmodifiable risk factors examined to date include physical examination findings such as ligamentous laxity 1 and anterior apprehension and relocation signs. 11 Nonmodifiable risk factors elucidated include age 10, 16 and activity level. 7, 12 One potentially modifiable risk factor is rotator cuff strength; however, recent work has suggested that this plays no role in preventing initial injury. 13 The elucidation of risk factors is critical to develop prevention strategies. We sought to prospectively evaluate a high-risk cohort 12, 16 for anatomic risk factors for traumatic anterior instability. We hypothesized that specific modifiable and nonmodifiable factors at baseline would be associated with the subsequent risk of injury in a cohort of young athletes.
MATERIALS AND METHODS

Design and Setting
In 2006, we initiated a prospective cohort study in a group at high risk for shoulder instability in order to identify the risk factors for this debilitating condition. Subjects were assessed with baseline testing and followed for subsequent injury during their 4 years of study at our institution; this cohort has been described previously in the literature. 1, 2, 11 Subjects were required to participate in either intercollegiate or intramural athletics as well as military and physical education requirements during the follow-up period, which have been described previously. 6 The high risk of shoulder instability in this population has also been previously documented. 12 Institutional review board approval was obtained from our institution before this study began.
Subjects
We offered enrollment to all of the 1311 matriculating students at our institution, enrolling 1050 subjects with informed consent (Figure 1 ). We were able to obtain complete baseline data on 714 subjects who compose this study cohort. Only subjects who were able to complete all baseline assessments were included in the final cohort; baseline characteristics for those who consented and completed baseline testing were similar to those who did not. 2 Of these 714 subjects, 630 (88%) were males and 84 (12%) were females. This is consistent with the student population at our institution, which is usually 85% male. All subjects were deemed fit for entry into military service by the Department of Defense Medical Evaluation Review System (DoDMERS).
Baseline Assessments
A subjective history of instability was solicited through a baseline questionnaire. A physical examination of each shoulder was performed by a single sports medicine fellowship-trained orthopaedic surgeon (B.D.O.) to include loadshift in all directions, anterior apprehension, relocation testing, sulcus sign, and assessment of scapular dyskinesis, as well as a 9-point Beighton score to assess laxity. We also performed measures of glenohumeral range of motion to include cross-body adduction, forward flexion, external rotation in adduction, and internal-external rotation with arm abducted to 90°. Strength was measured with a handheld dynamometer used to assess internal-external rotation in adduction and internal-external rotation at 45°of abduction. The methods and results for the baseline physical examination, range of motion, and strength measurements in this cohort have been presented previously. 1, 2, 11, 14, 15 Imaging Bilateral noncontrast magnetic resonance images (MRIs) were obtained using an abbreviated protocol at baseline upon entry into the cohort. A musculoskeletal radiologist (S.E.C.) reviewed these images and measured glenoid version, glenoid height, glenoid width (Figure 2 ), glenoid depth, coracohumeral distance ( Figure 3 ), rotator interval (RI) height, RI width, RI area, and RI index. 5 The musculoskeletal radiologist was blinded to the other baseline assessments and to whether subjects sustained a shoulder instability event during the follow-up period.
Surveillance
Subjects were followed prospectively in our closed health care system from June 2006 through May 2010. All acute anterior shoulder instability events were documented during the 4-year surveillance period. Anterior dislocations were confirmed by documented reduction maneuver by a health care provider, and subluxation events were determined by history, physical examination findings, imaging results, and findings at surgery (if performed). All suspected cases of shoulder instability that occurred during the follow-up period were reviewed by a single sports medicine fellowship-trained orthopaedic surgeon (B.D.O.) who was blinded to the baseline data.
Statistical Analysis
Initially we calculated mean 6 SD or median and interquartile range (IQR) for continuous variables and frequencies and proportions for categorical variables. For continuous variables we used independent t tests to examine differences between those subjects who experienced anterior instability events during the follow-up period compared with those who did not. If assumptions for the t test were not met, the nonparametric equivalent, the KruskalWallis test, was used. For categorical variables we examined associations between the variables and shoulder instability during the follow-up period using chi-square or Fisher exact test. Because the time to anterior shoulder instability event during the follow-up period was the primary outcome of interest, we estimated Kaplan-Meier survival estimates for specific variables of interest. Univariate and multivariable Cox proportional hazards regression models were used to analyze the data. Multivariable models controlled for the influence of history of instability, sex, weight, glenoid width, and all strength measures. All analyses were performed using Stata SE version 10.1.
RESULTS
Among the 714 subjects who composed the cohort, 630 were males and 84 were females. Of the males, the average age at enrollment was 18.8 6 1.0 years, average height was 178.5 6 7.5 cm, and average weight was 76.1 6 12.9 kg. Of the females, the average age at enrollment was 18.7 6 0.9 years, average height was 165.4 6 7.0 cm, and average weight was 63.2 6 9.1 kg.
During our 4-year surveillance period, 46 shoulders sustained documented acute glenohumeral instability events, with 7 posterior in direction and 39 anterior. The posterior events were all subluxations; a complete analysis of this subgroup has been previously published. 9 There were 8 anterior glenohumeral dislocations in which a manual reduction maneuver was documented and 31 subluxation events. These 39 anterior events compose our outcome of interest for this study. The median time from enrollment and baseline data collection to injury was 285 days (IQR = 473). The characteristics of these 39 injured shoulders are listed in the Appendix (available online at http:// ajsm.sagepub.com/supplemental).
Some physical examination findings were associated with a higher injury risk. While we controlled for covariates, significant risk factors of physical examination were apprehension sign (hazard ratio [HR], 2.96; 95% CI, 1.48-5.90; P = .002) and relocation sign (HR, 4.83; 95% CI, 1.75-13.33; P = .002) (Figures 4 and 5) . Subjects with positive apprehension sign at baseline were nearly 3 times more likely to experience an acute glenohumeral instability event during follow-up, and subjects with a positive relocation sign were nearly 5 times more likely to experience an acute instability event during follow-up. Baseline range of motion, scapular dyskinesis, strength measures, and ligamentous laxity by Beighton score were not associated with subsequent injury in the current study.
Evaluation of MRI measures for anatomic risk factors had mixed findings. The following factors were not found to be significant: glenoid version (HR, 1.00; 95% CI, 0.92-1.08; P = .99), glenoid depth (HR, 0.79; 95% CI, 0.56-1.12; P = .18), glenoid height (HR, 1.03; 95% CI, 0.91-1.18; P = .61), and glenoid width (HR, 0.97; 95% CI, 0.83-1.14; P = .73). However, the ratio of glenoid height to width (glenoid index) was found to be a significant risk factor (HR, 8.12; 95% CI, 1.07-61.72; P = .043) when we controlled for history, sex, subject height, weight, and Beighton score. When the ratio was broken into quartiles, a comparison of the upper quartiles compared with the lower quartiles (with the cutoff being a ratio of 1.58) reached statistical significance (HR, 2.64; 95% CI, 1.28-5.34; P = .008). Those subjects with a glenoid height-to-width ratio of greater than 1.58 (taller and thinner glenoids) had 2.64 times the risk of injury compared with those subjects with a ratio less than 1.58 ( Figure 6 ).
Another anatomic risk factor was the size of the coracohumeral interval (HR, 1.20; 95% CI, 1.08-1.34; P = .001).
Put another way, the risk of injury increased 20% for every millimeter increase in coracohumeral distance. A breakdown of our coracohumeral data into quartiles resulted in similar findings; however, in this case each increasing quartile showed an increased risk of injury, resembling a dose-response relationship (Figure 7 ). Those subjects with a coracohumeral interval in the highest quartile (.15.65 mm) had a significantly greater risk than did those in the bottom quartile (\11.5 mm). Specifically, those in the upper quartile for coracohumeral interval distance were 2.2 times as likely to experience anterior glenohumeral instability during the follow-up period (HR, 2.22; 95% CI, 1.14-8.30; P = .027).
We also measured parameters of the rotator interval (RI). Upon univariate analysis, an increased RI height was protective (HR, 0.86; 95% CI, 0.74-0.99; P = .046) while the RI width (HR, 1.06; 95% CI, 0.99-1.14; P = .09) and RI area (HR, 1.00; 95% CI 0.99-1.00; P = .36) were not significant. However, upon controlling for patient history and other covariates in multivariable models, all measures were not significant. The HR for RI height was close to significant at 0.84 (95% CI, 0.71-1.00; P = .06), while the HR for RI width was 1.05 (95% CI, 0.96-1.15, P = .25) and that for RI area was 1.00 (95% CI, 0.99-1.00; P = .25).
DISCUSSION
The most important finding was that significant nonmodifiable risk factors for shoulder instability were found in this prospective analysis of a high-risk population. While modifiable risk factors such as strength and range of motion were not associated with subsequent instability, some nonmodifiable risk factors were. Physical examination findings of apprehension and relocation were significant when we controlled for history of injury, and this may suggest that patients in our cohort had prior instability episodes of which they were unaware and which they did not report. The anatomic variables of significance are also not surprising-tall and thin glenoids were at higher risk compared with short and wide glenoids. One interesting finding was that the risk of instability increased by 20% for every 1-mm increase in coracohumeral distance.
While some work has been done on the characteristics of patients with instability and the risk factors for its recurrence, relatively little study has been performed on the risk factors for primary shoulder instability. This was the impetus for initiating our prospective cohort study in a group of high-risk young athletes. While it is satisfying to illuminate the factors noted in the current study, the discovery of modifiable factors that may serve as targets for injury prevention remains elusive. Strength was thought to be an easily modifiable factor that could be used in a warm-up regimen for primary prevention purposes, but while a case-control analysis showed that strength deficits exist in instability cohorts, 3 strength was not shown to be a factor in prospective analysis. 13 The finding that specific physical examination findings were significant risk factors is not surprising. We had previously shown that positive anterior apprehension and relocation sign were associated with self-reports of prior instability using our baseline assessment. 12 While we had previously shown that ligamentous laxity as measured by Beighton score was associated with self-reported history, 1 our prospective analysis failed to confirm this. This may be due to the low amount of ligamentous laxity in our cohort due to the selectivity of the physical standards in our student population.
The finding that taller and thinner glenoids are susceptible to anterior instability events is also not surprising. While neither height nor width was a significant risk factor in its own right, the glenoid height-to-width ratio was a significant finding. This warrants discussion of the amount of glenoid bone stock necessary for stability. Others have shown that certain amounts of glenoid bone loss are associated with instability. 4 What remains elusive is the amount of bone stock that is normally present, and the normative data from the cohort in the present study have been used to show that a correlation exists between glenoid height and width, which can be used to estimate the expected width for a known height in patients with suspected bone loss. 8 The finding of increasing coracohumeral distance being a risk factor for anterior instability is interesting. We are not aware of previous mention of this finding, and we are unsure of its clinical relevance. One explanation may involve the proximity of the static and dynamic glenohumeral stabilizers to the humerus. With an increased coracohumeral distance, the coracohumeral ligament and the coracobrachialis and biceps short head tendon are located farther away from the glenohumeral joint, which may affect their ability to help stabilize the joint throughout a range of motion. In addition, the coracoid along with its soft tissue attachments may serve as an anterior buttress to prevent humeral head displacement in this direction. This interesting finding cannot be fully explained but warrants further study.
This study has limitations and strengths. Despite our use of a high-risk cohort and surveillance for 4 years, our number of documented anterior instability events was only 39. This may have limited statistical power for some subgroup comparisons and our ability to illuminate risk factors in our cohort with smaller effect sizes. Another possible limitation is the select and homogeneous nature of our cohort. This clearly is an ideal population for a prospective clinical study but may limit the extrapolation of findings to the general population. We believe that our study population is similar to collegiate athlete populations, with the additional demands of overhead military training requirements. The strengths of our study are the study design, a prospective cohort design, and the closed health care system, which allows for strict surveillance of our subjects.
This prospective cohort study revealed significant risk factors for shoulder instability in this high-risk population. Physical examination findings of apprehension and relocation were significant when we controlled for history of injury. The anatomic variables of significance are also not surprising-tall and thin glenoids were at higher risk compared with short and wide glenoids, and the risk of instability increased by 20% for every 1-mm increase in coracohumeral distance.
